The natural product Agelasine F found in marine sponge Agelas sp. along with the known inhibitors of the target enzymes in Mycobacterium tuberculosis (Mtb), and the first-line tuberculosis (TB) drugs have been docked to enoyl reductase (InhA), Isoniazid-resistant I21V and S94A enoyl-ACP (COA) reductase mutant enzymes, 7,8-diaminopelargonic acid synthase (DAPAS), pantothenate synthetase (PS), and lipoate-protein ligase B (LipB) enzymes. Among the compounds studied, Agelasine F came out as the best inhibitor for InhA, S94A enoyl-ACP, and DAPAS. Except for LipB, Agelasine F exhibited superior binding affinity compared to the known inhibitors of the studied Mtb enzyme targets. Moreover, Agelasine F possesses remarkable enzyme inhibitory potential and drug-like properties.
INTRODUCTION

Tuberculosis (TB) is an airborne infectious disease caused by Mycobacterium tuberculosis.
According to World Health Organization (WHO), the estimated number of new TB cases in 2014 was almost 9.6 million with 1.5 million TB deaths worldwide, including 400,000 deaths among HIVpositive people. 1 In 2014, there were approximately 480,000 new cases of multidrug resistant TB (MDR-TB) and an estimated 190,000 deaths from MDR-TB. By 2015, 105 countries had reported at least one extensively drug resistant XDR-TB case. Among the six WHO regions, South-East Asia had the highest TB incidence in 2014. In the same year, the Philippines was ranked 8 th among countries most afflicted with TB.
1 TB is the 6 th leading cause of mortality in the Philippines.
Although drugs have been developed to combat the disease, the emergence of drug resistant strains of M. tuberculosis make the campaign for successful treatment of tuberculosis more difficult. 3 The rapid emergence of MDR-TB and XDR-TB has been considered a public health emergency and undermines the Millennium Development Goal of reducing TB incidence to 50% by 2015. 4 Thus, there is an urgent need to develop new therapeutics against TB.
Drug discovery efforts today have been taking advantage of computer-based technologies in order to fast track the intricate stages in drug discovery pipeline. In particular, molecular docking has been commonly applied in screening molecular databases against a putative druggable macromolecular target. 5 Interestingly, it has also been employed recently in screening a database of druggable targets against certain drug-like molecules. 6 The latter approach is called reverse or inverse docking. 7, 8 Reverse docking has been employed in this study to furnish the first principles of bioactivity and substantiate the earlier accounts, which demonstrate the antimicrobial 9 and particularly antimycobacterial 10 activity of Agelasine F, a secondary metabolite isolated from a marine sponge (Agelas sp). 9, 11, 12 The six enzymes that were screened against Agelasine F included the isoniazid (INH) targets: enoyl reductase (InhA), and I21V and S94A enoyl-ACP (COA) reductase mutants; and other druggable targets such as pantothenate synthetase (PS), lipoate-protein ligase B (LipB), and 7,8-diaminopelargonic acid synthase (DAPAS).
EXPERIMENTAL
The three-dimensional (3D) structural data of the target enzyme were retrieved as pdb file from the Protein Data Bank (PDB) (www.rcsb.org) while the structure of ligand molecules were obtained from PubChem (pubchem.ncbi.nlm.nih.gov) or inputted using the drawing tool of DockingServer and stored as sdf file. All computational works were performed using MacBook Air running on Mac OSX 10.8 platform.
Docking calculations were carried out using DockingServer. 13 The MMFF94 force field 14 was used for energy minimization of ligand molecule using DockingServer. Gasteiger partial charges were added to the ligand atoms. Non-polar hydrogen atoms were merged, and rotatable bonds were defined. Essential hydrogen atoms, Kollman united atom type charges, and solvation parameters were added with the aid of AutoDock tools. 15 Affinity (grid) maps of 20×20×20 Å grid points and 0.375 Å spacing were generated using the Autogrid program. AutoDock parameter set-and distance-dependent dielectric functions were used in the calculation of the van der Waals and the electrostatic terms, respectively. Docking simulations were performed using the Lamarckian genetic algorithm (LGA) and the Solis & Wets local search method. 16 Initial position, orientation, and torsions of the ligand molecules were set randomly. Typically, each docking experiment was derived from 10 different runs that were set to terminate after a maximum of 250000 energy evaluations. The population size was set to 150. During the search, a translational step of 0.2 Å, and quaternion and torsion steps of 5 were applied.
RESULTS AND DISCUSSION
The three-dimensional structures of some Mtb drug targets are shown in Fig. 1 . The druggability of the enzyme targets studied here has been well established and demonstrated in numerous studies. Specifically, the enzyme enoyl-acyl carrier protein (ACP) reductase (PDB ID: 2B35) also called InhA 17 , with mutants (i.e. I21V, PDB ID: 2IE0 and S94A, PDB ID: 2IEB), is the target of isoniazid (INH) 18 , a first-line anti-TB drug. InhA inhibitors like INH prevent the biosynthesis of mycolic acid, which largely compose the mycobacterial cell wall. Pantothenate synthetase (PS) is another attractive Mtb target. It serves to catalyze the production of pantothenate (Vitamin B5), a precursor for the biosynthesis of coenzyme A (CoA) and acyl carrier protein (ACP) 19 , which are essential for the cell's metabolism. Since humans lack PS, this enzyme is an attractive target for antitubercular drugs. 20 Lipoate-protein ligase B (LipB), also known as octanoyltransferase, catalyzes the first committed step in the biosynthesis of lipoyl cofactor, which is essential for the function of several key enzymes involved in the oxidative metabolism of M. tuberculosis. 21 Moreover, a relatively new putative Mtb target, 7,8-diaminopelargonic acid synthase (DAPAS), the second enzyme in the biotin biosynthetic pathway, is necessary for de novo biotin biosynthesis. 22 It has been shown that the disruption of the Mtb biotin biosynthesis machinery results in rapid bacterial clearance. 23 Incidentally, we have performed virtual screening and molecular docking studies on some of these druggable targets in Mtb such PS 24, 25 , LipB 26 and DAPAS 27 .
The results of molecular docking studies are presented in Table 1 . Although the main focus of the study was Agelasine F, the other known inhibitors including some TB drugs (Fig. 2) were also docked to the selected Mtb enzyme targets for comparison. It is very interesting to note that Agelasine F showed better binding affinity with InhA compared with the active form of isoniazid, a first-line TB drug. Agelasine was observed to form H-bonding with ILE194 and THR196, and hydrophobic interaction with TYR158, PHE149, ILE21, ALA191 and SER94 (Fig. 3) . Nonetheless, Rifampicin turned out to be slightly better than Agelasine F in inhibiting the native InhA enzyme. On the other hand, Agelasine F outperformed all the other compounds in inhibiting S94A enoyl-ACP (COA) reductase mutant, albeit it only ranks 3 rd against the I21V mutant, behind Ciprofloxacin and Triclosan. However, in a 100-run calculation, one binding conformation of Agelasine F showed better binding energy (-9.57 kcl/mol) than Ciprofloxacin (-7.74 kcal/mol) and Triclosan (-7.55 kcal/mol).
Against pantothenate synthetase (PS), the binding energy of Agelasine F is comparable to that of Ciprofloxacin, Rifampicin, and Triclosan, and better (more negative) than the known inhibitors, nafronyl oxalate and pantoyl adenylate. In fact, the binding energy of Agelasine F (-8.83 kcal/mol) was even better than Ciprofloxacin (-7.63 kcal/mol) and Triclosan (-7.97 kcal/mol) in a more elaborate 100-run experiment. On the other hand, Agelasine F is Agelasine F demonstrated excellent binding affinity against DAPAS, its binding energy being the largest among the compounds studied. Fig. 4 provides some insight on the binding interaction of Agelasine F with DAPAS. Evidently, Agelasine F forms hydrophobic interaction with TRP64, PHE402, TYR157, TRP65, ALA226, TYR407, and in various ways with LYS283, THR66, and ARG400 of DAPAS.
Given the favorable in silico binding characteristics of Agelasine F with several MTB drug targets, it is instructive to calculate the relevant Table 2 ).
The property milogP is the Molinspiration calculated logarithm of the partition coefficient in biphasic octanol-water mixture. The logP has been commonly used as estimate of the hydrophobicity of a molecule, 28 a key factor in drug transport and permeability, hydrophobic interactions, metabolism and toxicity. [29] [30] [31] The topologic polar surface area (tPSA), defined as the sum of surfaces of polar atoms, has also been shown to influence drug transport, 32 absorption, bioavailability, and bloodbrain barrier penetration. 33 The MW and Vol are simply the weight and volume of the molecule while N ON , N OHNH , N viol , N rot , and N atom are the number of H-bond acceptors, H-bond donors, rotatable bonds, and atoms in the molecule, respectively.
It is very encouraging to find that the critical numbers for druglikeness like the Lipinski's "Rule of Five" (i.e. logP < 5, MW < 500, N ON < 10, N OHNH < 5), 34 were satisfactorily met by Agelasine F. Moreover, the polar surface area of Agelasine F indicates good cell permeability, the critical value being 140 Å 2 , beyond which the cell membrane permeation is rather poor. 33 The number of rotatable bonds (N rot ) is a measure of molecular flexibility, which partly affects cell membrane permeability. [35] [36] The optimal value for N rot is e"7, albeit N rot e" 11 is the critical limit and coded red or Traffic Light (TL) 3 in Lobell scoring system for oral bioavailability. 37 Nevertheless, although coded yellow or TL2 in molecular flexibility scoring system, the eight rotatable bonds in Agelasine F are well within the threshold level.
Finally, it is also instructive to predict the overall enzyme inhibitory potential of Agelasine F. Thus, the enzyme inhibitor score for Agelasine F was calculated using Molinspiration Bioactivity Score v2011.06. Fig. 5 shows the distribution of activity scores for enzyme inhibitors compared with those for "average drug-like molecules". The score allows straightforward separation of active and inactive molecules. The larger the score value is, the higher is the chance that the particular molecule will be active. The enzyme inhibitor score of 0.47 for Agelasine F places it above average among active enzyme inhibitors. Moreover, it outscored the compounds studied here, although it is overtaken only by pantoyl adenylate, the natural ligand for the enzyme pantothenate
CONCLUSION
Agelasine F, a known bioactive compound against Mycobacterium tuberculosis has been successfully docked to several druggable Mtb enzyme targets, namely, enoyl reductase (InhA), Isoniazid-resistant I21V and S94A enoyl-ACP (COA) reductase mutant enzymes, 7,8-diaminopelargonic acid synthase (DAPAS), pantothenate synthetase (PS), and lipoate-protein ligase B (lipB) enzymes. The computed binding affinities of Agelasine F vis-à-vis the known inhibitors of putative drug targets and selected TB drugs were highly promising. In particular, among the compounds studied, Agelasine F turned out to be the best inhibitor for InhA, S94A enoyl-ACP, and DAPAS. Moreover, Agelasine F satisfies the criteria of druglikeness such as Lipinski's rule, polar surface area, number of rotatable bonds, and enzyme inhibitory potential. These results should encourage the development of a new class of antitubercular agents based on Agelasine F architecture.
